Abstract: Enzyme kinetic measurements are important for the characterization and engineering of biocatalysts, with applications in a wide range of research fields. The measurement of initial reaction velocity is usually slow and laborious, which motivated us to explore the possibilities for automating this process. Our model enzyme is the maize b-glucosidase Zm-p60.1. Zm-p60.1 plays a significant role in plant growth and development by regulating levels of the active plant hormone cytokinin. Zm-p60.1 belongs to a wide group of hydrolytic enzymes. Members of this group hydrolyze several different types of glucosides, releasing glucose as a secondary product. Enzyme kinetic measurements using artificial substrates are well established, but burdensome and timeconsuming. Thus, they are a suitable target for process automation. Simple optical methods for enzyme kinetic measurements using natural substrates are often impossible given the optical properties of the enzymatic reaction products. However, we have developed an automated method based on glucose detection, as glucose is released from all substrates of glucosidase reactions. The presented method can obtain 24 data points from up to 15 substrate concentrations to precisely describe the enzyme kinetics. The combination of an automated liquid handling process with assays that have been optimized for measuring the initial hydrolysis velocity of b-glucosidases yields two distinct methods that are faster, cheaper, and more accurate than the established protocols.
Introduction
Laboratory processes are becoming increasingly automated throughout various scientific research fields to accelerate throughput and increase result generation. This automation is usually complemented by the latest developments in robotics and miniaturization to reduce reagent volumes and, thereby, the cost per data point. The data obtained from automated procedures are often highly homogenous due to the elimination of errors that originate from manual benchwork. 1 Liquid handling systems, either alone or in combination with whole robotic systems, are becoming increasingly common in analytical and biochemical measurements. These systems have the best potential when they are applied to screening procedures such as the screening of drug candidates, 2 genome-wide RNAi screens, 3 or protein-protein interactions. 4 The major disadvantage of this automation is the initial cost of equipment, but this investment is usually reimbursed by the reduced cost of chemicals used in testing huge chemical libraries and by savings in human resources. Another disadvantage is that the preparation and optimization of the automated setup is usually quite a complicated process.
Here we present how a liquid handling system can be utilized in the end-point photometric and fluorimetric methods to measure the enzyme kinetics of the b-glucosidase Zm-p60.1 (EC 3.2.1.21). This enzyme is an excellent model for automation because it is representative of other hydrolases in its class. Currently there are over 1600 known hydrolases (www.enzyme-database.org), which makes the studied model enzyme representative of a widespread class of enzymes, and, in this way, the methods we show here could be modified for other hydrolases and even for new enzymes that remain to be discovered.
In addition to its natural substrates, Zm-p60.1 can also hydrolyze several artificial substrates. [5] [6] [7] Enzyme kinetic measurements with certain artificial substrates use optical methods (e.g., spectrophotometric measurement of para-nitrophenol (pNP) or fluorescence measurement of 4-methylubelliferone) 7 to quantify the amount of aglycone that forms following hydrolysis of the initial glucoside.
The natural substrate of Zm-p60.1 is trans-zeatin-O-b-D-glucoside (tZOG), and trans-zeatin (tZ) is the primary product of enzymatic reaction. However, the properties of this aglycone do not favor simple detection by optical methods. Fortunately, several analytical methods exist for the detection of glucose, which is a secondary product of the enzymatic reaction. [8] [9] [10] [11] One of the standard procedures is based on the subsequent enzymatic reactions of glucose oxidase (GO) and horseradish peroxidase (HRP), during which glucose reacts with oxygen in the presence of glucose oxidase to form hydrogen peroxide and gluconolactone. The hydrogen peroxide then oxidizes the dye Amplex Red in the presence of horseradish peroxidase to form fluorescent resorufin (Fig. 1 ).
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The GO/HRP procedure was the basis for the development of our method. The automated method that we have developed shows significant improvements when compared to the previously published techniques for determining b-glucosidase activity. 13 
Results
The artificial substrate pNPG was used to develop the automated method. Manual pipetting and the automatic method were tested in parallel, after which the results were compared to validate the automatic procedure. Following validation with pNPG, this automatic process was then used to determine the enzyme kinetics of b-glucosidase Zmp60.1 using its natural substrate, tZOG. The measured data were processed in GraphPad Prism (GraphPad Software, La Jolla, CA) and the kinetic parameters were calculated using a non-linear curve fit according to the Michaelis-Menten equation.
Automation of enzyme kinetic measurement procedures
The pipetting unit of the BioNex Nanodrop II liquid handling system was enclosed in a compressor-cooled ICP 260 incubator (Memmert, Schwabach, Germany) to control the temperature during the enzymatic reaction (308C). The sequence of pipetting steps programmed in Nanobuilder software takes advantage of the hardware configuration of BioNex Nanodrop II. To improve the sample position possibilities, an additional tube holder was created with 3D printing and its position was defined in the BioNex software (source file for 3D printed holder: Supporting Information 1).
We chose to use 96-well PCR plates (Eppendorf, Hamburg, Germany) to aspirate the reaction mixture because of the conical shape of the wells. The well shape enables the aspiration of nearly all the liquid volume in a well. Transparent 384-well plates from Corning (Corning, NY) were used to measure the enzyme kinetics using the pNPG substrate, whereas 384-well PCR plates (Roche, Basel, Switzerland) were used to measure enzyme kinetics using tZOG due to improved thermal stability during the evaporation of samples. Both 384-well plates had the same final arrangement: kinetic measurements in each row for eight aliquots (time points) from 15 different substrate concentrations (with triplicates for each tested concentration) and calibrations in triplicates (maximum of eight different concentrations of the product of the enzymatic reaction) in the last row (Fig. 2 ).
Enzyme kinetic measurements using the artificial substrate pNPG A 384-well plate was prefilled with 0.2 M Na 2 CO 3 (30 lL per well) and placed on the cooled second nest (48C). Different concentrations of pNPG substrate were pipetted in triplicates from the tube holder to columns 7-12 of a 96-well PCR plate placed on the first nest. The enzyme was then dispensed by a single needle from one PCR tube to eight wells (single empty columns 1-6). To increase repeatability, 0.7 lL of the air gap and 1 lL of enzyme solution was aspirated, while 1.5 lL was dispensed to eject all liquid. The needles were washed in a mixture of organic solvents (methanol: acetonitrile 5 1:1) between pipetting steps to clean any enzyme that remained on the needle, and were then washed in water to regenerate the needle surface. Substrates were then transferred, one by one, from columns 7-12 of the 96-well PCR plate to wells with enzyme solution. Eight aliquots (2 lL) of this reaction mixture were then dispensed to the 384-well plate every 10 s. The kinetic measurements for every tested substrate concentration were performed in triplicates. Hence, this method provides eight measurements from three independent reactions, providing 24 datapoints for each tested substrate concentration. The calibration points for pNP (0-300 lM) were arranged as triplicates in the last row of the 384-well plate. For each calibration point, a different volume of calibration solution was added, after which all the calibration wells were replenished with water to the same final volume (2 lL; same volume as dispensed aliquots of reaction mixture; Fig. 3 ). The programmed pipetting steps are detailed in Supporting Information 2.
The kinetic parameters for the hydrolysis of the artificial substrate pNPG by b-glucosidase were also determined through assays that used manual pipetting to validate the automatic procedure. The chromogenic artificial substrate pNPG was used in a previously described procedure at a concentration range of 0.05-40 mM in 0.05 M citrate-phosphate buffer (CP, pH 5.5) to estimate the enzyme's initial velocity. 14 In the manual pipetting, 5 lL of reaction mixture (b-glucosidase with pNPG) was dispensed into 30 lL of 0.2 M Na 2 CO 3 . Initial velocities were calculated based on measured absorbance at 405 nm (Infinite M1000 PRO, Tecan, M€ annedorf, Switzerland) and reaction time. The data for pNPG from both procedures (automated method and manual pipetting) were evaluated in GraphPad Prism according to the Michaelis-Menten equation (Fig. 4) . Enzyme kinetic measurements using the natural substrate tZOG
The measurements using a natural substrate consisted of two main steps.
(A) The reaction of b-glucosidase with tZOG (0.05-5 mM) in a 0.05 M CP buffer (pH 5.5), during which tZ and glucose are released from the substrate. The pipetting procedure was the same as that for the artificial substrate. The reaction mixture aliquots (2 lL) were dispensed into a 384-PCR well plate prefilled with 7 lL of methanol that immediately stopped the enzymatic reaction. Samples were then evaporated for 20 min at 978C (Model 1000, Robbins Scientific, San Diego, CA), after which they were cooled to laboratory temperature. Figure 3 . The experimental setup for enzyme kinetic studies of b-glucosidase Zm-p60.1 using an artificial substrate. The experiment was automated using a BioNex Nanodrop II liquid handling system. Step 1: Substrate solutions are dispensed from the tube holder to columns 7-12 of the 96-well plate.
Step 2: The enzyme is pipetted into an empty column in every cycle (columns 1-6) of the 96-well plate.
Step 3: The substrate solutions from columns 7-12 are added to the enzyme solutions.
Step 4: The reaction mixture is transferred to the stop solution (Na 2 CO 3 ). (B) The released glucose was detected by the addition of 10 lL of 0.05 M CP buffer (pH 5.5) to each well to reconstitute the sample. Next, 10 lL of detection mixture (GO, HRP, Amplex Red in CP buffer according to the Amplex Red Glucose/Glucose Oxidase Assay Kit -[Invitrogen]) was added. The detection reaction proceeded for 90 min in dark at laboratory temperature. This time was prolonged due to GO reaction velocity and mutarotation of glucose. 15 After 90 minutes no more resorufin was formed. Following this incubation, 5 lL of 0.2 M Na 2 CO 3 was added to samples to increase pH (pH 7). This step increased the fluorescence intensity due to the spectral properties of the resorufin that had formed. The fluorescence of resorufin was measured at absorption/emission maxima of 550 nm/585 nm (Infinite M1000 PRO, Tecan). Several concentrations of glucose (0-50 lM) under the same reaction conditions were used as calibration measurements to calculate the relationship between resorufin fluorescence and glucose concentration in the solution. The calibration points for a racemic mixture of a and b D-glucose anomer were arranged as triplicates with different volumes of calibration solution that were then replenished with water to the same final volume of 2 lL (same volume as dispensed aliquots of reaction mixture; Fig. 5 ). The programmed pipetting steps are detailed in Supplement 3. The k cat value calculated from the data for the natural substrate tZOG was 1.345 6 0.048 s
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, and the K M value was calculated to be 0.244 6 0.037 mM (Fig. 6 ). These differ from the previously reported k cat and K M values for the b-glucosidase Zm-p60.1 catalyzed hydrolysis of tZOG, which were 4.58 6 0.09 s 21 and 0.697 6 0.041 mM, respectively.
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Discussion
This article presented two new automated methods for measuring the kinetic parameters of b-glucosidases. The first method was developed for artificial substrates and measured aglycone produced during the enzymatic reaction using spectrophotometry or fluorimetry. The second method was developed for other substrates and was based on glucose quantitation. Figure 5 . The experimental setup for enzyme kinetic studies of b-glucosidase Zm-p60.1 using a natural substrate. The experiment was automated using a BioNex Nanodrop II liquid handling system.
Step 1: Substrate solutions are dispensed from the tube holder to columns 7-12 of the 96-well plate.
Step 2: The 384-well plate is prefilled with methanol (before each enzymatic reaction).
Step 3: The enzyme is pipetted into an empty column (1-6) of the 96-well plate.
Step 4: The substrate solution is dispensed from a single column (7-12) to enzyme solutions.
Step 5: The reaction mixture is transferred to the stop solution (methanol), followed by the evaporation of samples at 978C.
Step 6: The CP buffer (50 mM, pH 5.5) and detection mixture (GO, HRP, Amplex Red in CP buffer) is dispensed to all wells of the 384-well plate.
Step 7: The detection reaction proceeds for 90 minutes in the dark.
Step 8: Addition of 0.2 M Na 2 CO 3 to every well of the 384-well plate.
The results obtained from the automated method using artificial substrate pNPG were comparable with results from manual pipetting and from published data. The K M values for the automated method and manual pipetting using artificial substrate differed. This difference may have been caused by errors from manual pipetting, more specifically, the small volume of reaction mixture (b-glucosidase with substrate) that is transferred to the stop solution may have cooled at laboratory temperature, which would affect reaction velocity. In the automated method, all of the accessories and solutions were kept in the incubator, at the same temperature, throughout the whole procedure.
The kinetic parameters measured for bglucosidase Zm-p60.1 using natural substrate tZOG with the presented method differed from results that have been published previously. 13 Both methods (the newly developed and the published one) are based on the detection of glucose released from natural substrates during the enzymatic reaction, but the experimental setups are different. In the published method, the detection of formed glucose occurs during a small time window after reaction initiation, which proceeds by mixing all reagents (b-glucosidase, substrate, GO, HRP, Amplex Ultra Red) in the same well. The detection enzymes are present at high concentrations, and the resulting complex mixture could cause unforeseen interactions between components. Although this setup provides rapid measurements, the complex nature of the enzymatic reactions that occur simultaneously in the same well could lead to hidden errors. In the presented automated procedure, we overcame these limitations by separating the b-glucosidase reaction from the detection reaction, and by including robotic action in the setup. The result is a method that is less prone to influences from the nonspecific interactions that can occur during the reaction. Moreover, the enclosed environment of the automated procedure provided us with greater control of the environment conditions. The inclusion of a higher number of replicates and calibration points under identical conditions means that these results are more reproducible. Besides obvious advantages lab automation technology has its limits depending on the particular technology. Chloroplasts are the natural subcellular compartment of Zm-p60.1 18 and this environment influences the kinetic performance of the enzyme. The apparent K M value in chloroplasts isolated from transgenic tobacco plants overexpressing Zm-p60.1 19 was 62.9 6 1.0 lM and in a solution with 20% polyethylene glycol (PEG) it was 177 6 79 lM. It would be valuable to extend the methodology to enable testing reaction conditions (e.g., lower water content in the form of PEG solutions). Unfortunately, these solutions are viscous which causes problems in automatic liquid handling. In our case the error in automated pipetting of 20% PEG went from 50 to 36% in eight consecutive aliquots. The solution of this problem could be introducing special high pressure liquid handling technology for viscous samples.
The presented automated methods enable the measurement of kinetic parameters in a shorter time (pipetting is approximately eight times faster than by hand) with greater control of reaction conditions, which was reflected in improved reproducibility and lower experimental error. This can be clearly seen in the measured kinetic parameters for the test enzyme using pNPG. The error decreased from 1.3 to 0.88 s 21 for the k cat value and from 0.11 to 0.061 mM for the K M value. Further advantages of the presented methods include the reduced consumption of chemicals and less manual work, both of which are relevant to research that utilizes enzyme libraries and high-throughput characterization. We have optimized these methods for bglucosidase research, but they could have applications in studies of other classes of enzymes, as well as the specific mutant forms of a certain enzyme.
Materials and Methods
General
All common chemicals were purchased in p.a. grade from Sigma-Aldrich (St. Louis, MO). pNPG was supplied by Sigma-Aldrich, whereas tZOG and tZ were purchased from OlChemIm (Olomouc, Czech Republic). The AmplexV R Red Glucose/Glucose Oxidase Assay Kit (Invitrogen, Waltham, MA) was used for developing the glucose detection system. All solutions from the kit were prepared according to the manufacturer's instructions, except for the final detection mixture, which was prepared in (CP) buffer (50 mM, pH 5.5) instead of the reaction buffer included in the kit. Liquid handling technology, more specifically a BioNex Nanodrop II (BioNex Solutions, San Jose, Figure 6 . The enzyme kinetics for b-glucosidase Zm-p60.1 using the natural substrate tZOG (0.05-5 mM), determined through an automated system. The end-point data were evaluated in GraphPad Prism according to Michaelis-Menten kinetics.
Klime s et al.
CA), was used for process automation. The system consists of a robotics part along with versatile accessories that can be integrated with various laboratory tasks. The pipetting head is equipped with eight dispensing needles with independent flow paths. In our setup this enabled eight parallel reactions in one pipetting step. The range of head movement was sufficient to reach every well in the microtiter plate with the middle two pipetting needles. BioNex Nanodrop II accessories could be mounted on two nests mostly used for microtitration plates. There are also two positions for trays or PCR tube holders usable as aspirating and dispensing positions for samples.
Expression and purification of recombinant bglucosidase zm-p60.1
The expression and purification of the b-glucosidase Zm-p60.1 was done according to a previously published procedure. 16, 17 Briefly, recombinant His-tagged enzyme was expressed in E. coli BL21(DE3)pLysS competent cells. The lysate was then added to a HisTrap HP affinity column (5 mL, GE Healthcare, Chicago, IL), and the elution of b-glucosidase was triggered by the addition of EDTA. Fractions containing b-glucosidase dimer (tested using pNPG as a substrate) were concentrated with Amicon Ultra centrifugal filters (30,000 NMWL, Millipore, Billerica, MA) and then added to a HiLoad 16/60 Superdex 200 Prep Grade column (GE Healthcare). Fractions with dimeric conformation of b-glucosidase were concentrated with Amicon Ultra centrifugal filters (10,000 NMWL, Millipore). Enzyme purity (>95%) was determined by densiometry scanning of SDS-PAGE gels.
